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The surface of two GaN films grown under Ga-rich conditions by molecular beam epitaxy was
characterized using x-ray reflectivity, assuming a self-affine/fractal surface morphology. The surface
height fluctuations were similar for both samples at the largest lateral length scales at which the
fractal description is valid, although this lateral length was significantly greater and the
‘‘jaggedness’’ significantly smaller for the sample grown under higher Ga flux. Previous atomic
force microscopy images revealed a higher density of large features on the surface for the sample
grown under lower Ga flux. The lateral size of the features are dominated by a convolution of the
atomic force microscopy tip shape and the actual features on the surface, which precludes an
accurate determination of the surface structure at length scales smaller than the tip radius. This study
illustrates the importance of using different techniques to evaluate the film surface morphology at
different length scales. ©1997 American Institute of Physics.@S0003-6951~97!02029-9#
It is well known that the surface structure can have a
significant impact on a thin film’s physical properties. Be-
cause of this, a significant portion of the recent work on GaN
thin films has focused on their structural characteristics.
Technological applications resulting from GaN films, includ-
ing optoelectronic devices, will have to overcome constraints
resulting from surface defects. Studies have generally fo-
cused on the effects of defects on the optical and transport
properties of GaN using a variety of techniques, including
x-ray diffraction, atomic force microscopy, scanning electron
microscopy, and others.
In this letter, we analyze the x-ray reflectivity~XRR! of
GaN films, grown under different Ga flux conditions, using a
self-affine/fractal description of the surface.1,2 This method
has been previously used in for various types of thin films,3–6
liquid crystal polymer superlattices,7 semiconductor
superlattices,8 and metallic superlattices.9,10 Previously,
atomic force microscopy~AFM! studies indicated that Ga-
rich molecular beam epitaxy~MBE! growth close to, but
below the Ga condensation point, results in smooth, feature-
less surfaces indicative of two-dimensional growth.11 This is
consistent with reflection high energy electron diffraction,
indicating that Ga-rich conditions are a requirement for two-
dimensional growth.12 In this letter, we study two samples
grown under nominally identical conditions except for the
Ga flux. Although the surface height fluctuations at the na-
nometer scale are similar for the two samples~'2.4 nm!, the
lateral roughness coherence length is significantly larger and
the fractal dimension, or jaggedness, is smaller for the
sample grown under a high Ga flux. This agrees with the
previous interpretation of the AFM data. AFM images, how-
ever, also reveal the presence of large vertical features that
tend to mask the surface characteristics at the nanometer
length scales. The XRR is insensitive to the large features,
but is able to obtain information at small length scales. In
general, surface roughness measurements must be performed
with different techniques to accurately characterize the sur-
face.
The MBE growth of GaN films has been described
previously.11,13 Briefly, two samples were grown via MBE
on c-plane sapphire substrates at 730 °C. A standard MBE
source provided the Ga flux. A cryogenically cooled rf
plasma source was used to produce the active nitrogen flux.
All growth parameters were nominally the same for the films
analyzed in this letter, except for their Ga flux. Film GaN1
was grown at a Ga flux of 531027 Torr ~BEP!, which rep-
resents the onset of Ga-rich growth, while film GaN2 was
grown at 731027 Torr BEP, which is just before the onset
of Ga condensation under these growth conditions.
XRR was measured using a 18 kW rotating Cu anode
x-ray generator with a four-circle diffractometer in a moder-
ate resolution configuration.14 A variable slit, placed imme-
diately before the sample, was wide enough to accept the
entire width of the specular peak. The angular resolution was
0.12° for the detector slits and 0.05° for the sample slits. The
slits along they direction were left wide open, thus averag-
ing over k space along they axis. Three types of scans were
performed: specular, diffuse near specular, and transverse
~rocking curves!. For the specular scans, the wave vector
transferq was perpendicular to the surface normal, for the
diffuse near specular scansq was misaligned by 0.1° with
respect to the specularq, and for the transverse scans the
magnitude ofq was constant but its direction rocked about
the surface of the sample. The diffuse near specular scan was
subtracted from the specular scan to obtain the true specular
intensity.
The true specular intensity was fit to a low-angle optical
model which takes into account the finite film thickness
(t f).
10,15The analysis was sensitive to both the average sur-
face height fluctuations and the film thickness. In order to
fit the data, the substrate/film interface roughness had to be
&0.1 nm, and was therefore fixed at 0.1 nm. The results area!Electronic mail: dlederma@wvu.edu
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shown in Fig. 1. The parameters obtained (s152.4860.1
nm, t f15467660 nm; and s252.3860.1 nm,
t f25467660 nm for GaN1 and GaN2, respectively! were
similar within the numerical uncertainties, determined by
monitoringx2 when the relevant parameter was fixed at dif-
ferent values while the rest were allowed to vary. The fits
were significantly improved by taking into account the
substrate-epilayer interface,16 and hence the results provide a
rough estimate of the film thickness. This estimate agrees
with the average thickness obtained with contact profilom-
etry at the edge of the film~700 nm! and transmission elec-
tron microscopy micrographs obtained near the center of the
film ~230 nm!. Finally, the electron density obtained from the
fit was within 5% of the theoretical value calculated from
the volume of the unit cell~0.438 electrons/Å3).
The near-specular and transverse scans were analyzed
using the distorted wave Born approximation.2 The diffuse

















whereA is a scaling factor,s is the average height fluctua-
tion obtained from the true specular data,T(a) is the trans-
mission coefficient of the surface for a grazing angle inci-
dencea (b is the corresponding angle for the outgoing
beam!, q̄ z is the wave vector transferinsidethe film.
17 Equa-
tion ~1! assumes that the intensity alongqy is averaged by
keeping the slits in that direction wide open.C(x) is the
height-height correlation function, modeled as
C(x)5s2 exp(2uxu/j)2h, which is applicable to self-affine
fractal surfaces with a cutoff.2 j is the cutoff length of the
height fluctuations andh determines the surface ‘‘smooth-
ness.’’ Small values ofh result in ‘‘jagged’’ surfaces while
h;1 indicates ‘‘smooth’’ hills and valleys. At small length
scalesuxu&j, the surface is self-affine/fractal in nature with
a fractal dimensionDs532h.
2 For uxu*j, the fractal height
fluctuations saturate at a value equal tos.2,6 This could oc-
cur because the fractal description is limited by the average
film grain size.
Transverse scans were obtained at aboutqzo51.422 and
qzo52.134 nm
21 and fit only forqx.0 so that the reflected
beam was smaller than the detector slit.14 The calculation
was convoluted with the instrumental resolution,14 and the
specular peak nearqx50 was modeled as a gaussian whose
width corresponds to the instrumental resolution. The height
of the specular peak was also fit because it includes the sharp
contribution from the smooth substrate surface. The best pa-
rameters were found by self-consistently fitting Eq.~1!, with
s fixed to the values obtained from the true specular inten-
sity ~Fig. 1!, to the transverse and diffuse near-specular
scans. The integral in Eq.~1! was calculated numerically by
breaking it down into several integrals,18 each of which was
calculated by decomposing the integrand into Chebyshev
polynomials, and each of the Chebyshev terms was calcu-
lated by a fast fourier transform.19 Hence, there were five
fitting parameters:j, h, A, the height of the specular peak,
and a small background intensity.
FIG. 2. Diffuse near-specular reflectivity obtained by misorienting the
sample by 0.1° with respect to the specular peak. The solid curves represent
fits to Eq. ~1!. For GaN1,h50.4060.05,j5323.7650, ands52.48 nm.
For GaN2,h50.6060.05,j5515.7650, ands52.38 nm.
FIG. 1. True specular reflectivity obtained by subtracting a diffuse near-
specular scan from a specular scan for samples GaN1~low Ga flux! and
GaN2 ~high Ga flux!. The solid curves represent fits to a low angle optical
model~Ref. 10!. The results for the height fluctuationss and film thickness
t f are labeled on the figure.
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The results are shown in Figs. 2 and 3. The peaks at
large values ofqx in Fig. 3 correspond to angles wherea or
b are close to the critical angle, and are commonly known as
‘‘Yoneda wings.’’20,17For even largerqx , the intensity drops
because the sample blocks the beam. Qualitatively, the GaN1
transverse scans depend more strongly onqx than the GaN2
scans because the character of their height fluctuations in the
lateral direction is different. Quantitatively, the parameters
obtained from these fits areh150.4060.05 and
j15323.7650 nm; andh250.6060.05 andj25515.7650
nm. Assuming thatj is proportional to the average grain
size, and because higher values ofh mean a lower fractal
dimension, sample GaN2, grown at a higher Ga flux, is
smoother in the sense that the average grain size is larger and
the surface of each individual grain is smoother. The growth
of GaN2 is therefore more two-dimensional than that of
GaN1.
Previous qualitative AFM work on these samples11 mea-
sured large features on the surface, approximately 200 nm
wide and 250 nm high. The number of features/area was
significantly lower for the higher Ga flux sample GaN2. A
quantitative analysis of the average height fluctuations be-
tween the features founds51.660.2 nm for GaN1 and
s51.960.5 nm for GaN2. The two values ofs are the same
within their uncertainties, although lower than the value ob-
tained from the XRR~2.4 nm!. This discrepancy could be
due to the significant size of the AFM tip used~200 nm
radius!, which combined with the roughness present in the
sample, makes a quantitative analysis of the AFM images
unreliable without taking into account the shape of the tip.21
The x-rays seem to probe the surface morphology between
the large features, since the height fluctuations of the two
samples was similar, even though the AFM indicated that
approximately 5% of the surface of GaN1 contained the
larger features with an average separation of 1000 nm. The
x-rays may also probe the surface of these large features,
although this contribution is probably small and proportional
the surface area of the sample they occupy~i.e., 5%!. These
results indicate that a complete surface analysis must include
a combination of techniques which are sensitive to roughness
at different length scales.
In conclusion, the surface roughness of GaN films grown
under different Ga flux conditions was quantitatively ana-
lyzed using XRR. Although the two samples used in this
study had similar surface height fluctuations along the
growth direction, the lateral character of the roughness was
different. The sample grown at a higher Ga flux had signifi-
cantly larger grain sizes and a lower fractal dimension than
the sample grown at a lower Ga flux, consistent with increas-
ingly two-dimensional growth. This study confirms prior in-
terpretations of AFM images and presents a new way of
analyzing the surface roughness of GaN films. A complete
analysis of the surface morphology must include different
techniques, such as AFM and XRR, which are sensitive to
roughness at different length scales.
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